Leydig cell steroidogenesis is mainly regulated by LH via increased cAMP production leading to STAR protein activation. STAR is essential for cholesterol shuttling inside mitochondria where steroidogenesis is initiated. Accumulating evidence suggest that persistent organochlorine compounds disrupt testicular function, but the mechanism of action remains poorly characterized. Here we report that in vitro exposure of MA-10 and MLTC-1 Leydig cells to an environmentally relevant mixture of 15 organochlorines impairs steroidogenesis. While having no effect on cell viability and basal steroid production, the organochlorine mixture caused a 50% decrease in cAMPinduced progesterone production. The mixture also reduced cAMP-induced 30 kDa STAR protein by 50% while having no effect on basal STAR protein. Basal or cAMP-induced Star mRNA levels and promoter activity were unaffected by the mixture, indicating that the organochlorine mixture acted at the translational/posttranslational level. Further supporting this is the fact that in COS-7 cells overexpressing STAR, the organochlorine mixture caused a decrease in the 30 kDa form of STAR and an accumulation of the 37 kDa forms. In addition to STAR, we found that the organochlorine mixture also decreases the levels of CYP11A1 and ADXR, two proteins essential for the conversion of cholesterol into pregnenolone. In conclusion, our data show that organochlorine exposure disrupts Leydig cell function by targeting different components of the steroidogenic pathway.
INTRODUCTION
Over the last three decades, several epidemiological reports and clinical studies have revealed a decline in male reproductive health manifested by an increased incidence of testicular cancers [1, 2] , hypospadias [3, 4] , cryptorchidism [3, 4] , and decreased sperm quality [5] [6] [7] . Boisen et al. [8] hypothesized that these male reproductive disorders have the same etiology and can be grouped in a common entity called testicular dysgenesis syndrome. It has also been postulated that these disorders are the results of exposure to hormonally active environmental chemicals during fetal and childhood development (reviewed in [9] ). These hormonally active environmental chemicals, also called endocrine disrupters, have been defined as exogenous substances that alter the function(s) of the endocrine system and consequently cause adverse health effects in an intact organism, or its progeny, or (sub)populations (reviewed in [10] ). Endocrine disrupters are divided into two classes according their origin: natural endocrine disrupters and man-made endocrine disrupters. Numerous studies carried out on laboratory and wildlife animals and some epidemiological reports support the thesis that environmental pollutants could affect male reproductive health leading to some testicular dysgenesis syndrome symptoms (reviewed in [11, 12] ).
Organochlorine chemicals (OCs) are man-made, widespread, hormonally active, environmental chemicals classified as persistent organic pollutants. Despite being phased out in many developed countries, some of them such as dichlorodiphenyltrichloroethane (DDT) are still used in developing countries because of their low cost (reviewed in [13] ). Organochlorine exposure is a global issue, and there are serious concerns about these compounds because they are scattered throughout the world as a result of air and marine currents [14] and thus contaminate the food and water chains worldwide. Because OCs are chemically stable, they degrade less rapidly and bioaccumulate in fatty tissues (breast, liver, and brain) in animals and humans [15, 16] . People living in the Arctic, which includes Northern Canada, Russia, Greenland, Alaska, and Baltic Sea countries, are particularly at risk because OCs are found at high concentrations in this circumpolar area where they accumulate (reviewed in [17, 18] ) and because their traditional diet is composed of contaminated animals (fish, seals, whales, and polar bears) [19] [20] [21] . Furthermore, some studies have reported that OCs might be transferred to the offspring through breast-feeding because they are found in breast milk [22, 23] . OCs also have the capacity to cross the placental barrier and reach the fetal blood stream where they can cause health problems to the fetus [24, 25] . Importantly, several epidemiological studies have reported that OCs negatively affect male reproductive health in different manners, including by modifying the sex ratio [26] and decreasing semen quality [27] [28] [29] in men living in highly contaminated area such as the Arctic.
To better understand the mechanisms underlying the detrimental effects of OCs on reproductive health, several studies with laboratories animals and cell lines have been performed. For instance, we have previously shown that an environmentally relevant mixture of 15 OCs similar to that found in Northern Québec disrupts preimplantation and development of porcine embryos [30] . That mixture was also reported to impair porcine gamete parameters and function [31] . In utero and lactational exposure to this OC mixture disrupts development of androgen-dependent organs (testis, epididymides, seminal vesicle, and prostate) as well as spermatogenesis in male rats [32] . All together, these data strongly imply that the OC mixture found in Northern Québec probably acts as an antiandrogen that likely affects Leydig cell function, the main source of androgens in males.
Within Leydig cells, steroidogenesis is stimulated by pituitary luteinizing hormone (LH). Binding of LH to its receptor leads to a rise in cAMP production, which then activates several signaling pathways leading to increased expression of genes involved in testosterone biosynthesis. One of these genes codes for the steroidogenic acute regulatory (STAR) protein. STAR is part of a complex that shuttles cholesterol, the precursor of all steroid hormones, from the outer to the inner mitochondrial membrane where steroidogenesis is initiated (reviewed in [33, 34] ). Many studies have shown that some OCs or their metabolites when used alone can disrupt Leydig cells function [35, 36] . Walsh and Stocco [37] have shown that lindane also called gamma-hexachlorocyclohexane (c-HCH), an organochlorine pesticide, inhibits steroidogenesis by disrupting STAR protein levels in the MA-10 mouse Leydig cell line. In addition, it has been shown that methoxychlor (or its metabolites), a derivative of DDT, affects Leydig cell steroidogenesis by decreasing the expression and activity of CYP11A1, the first enzyme involved in steroid biosynthesis [36, 38] . These results indicate that when used alone OCs have antiandrogenic effects and appear to target early steps of steroidogenesis. However, little is known about their toxicity and molecular mechanisms of action when used in combination which is important because this is how individuals are generally exposed. Thus, the aim of this study was to better understand and characterize the molecular mechanisms causing Leydig cell dysfunction following exposure to an environmentally relevant mixture of OCs. For that purpose, we have tested the effects of an OC mixture similar to that found in Northern Québec on steroid synthesis in the MA-10 and MLTC-1 mouse Leydig cell lines. We found that the OC mixture decreases steroid production by inhibiting the cAMP-mediated increase in STAR protein but not Star mRNA and promoter activity. In addition to affecting cholesterol transport process, the OC mixture also targets other proteins involved in the initial steps of steroidogenesis.
MATERIALS AND METHODS

Chemicals
22 (R)-Hydroxycholesterol (22-OH-Chol) and 8-bromo-cAMP (8Br-cAMP) were purchased from Sigma-Aldrich Canada. The OC mixture was designed to be similar to that found in Arctic ringed seal blubber, which is the main diet of the Inuit population. The pure mixture of OCs (Table 1) was dissolved in dimethylsulfoxide (DMSO) purchased from Sigma-Aldrich Canada as described previously [31] .
Cell Culture
Mouse tumor MA-10 Leydig cells [39] were provided by Dr. Mario Ascoli (University of Iowa, Iowa City, IA). MA-10 cells were cultured in Dulbeccomodified Eagle medium-F12 supplemented with penicillin, streptomycin, and 15% horse serum and then incubated at 378C in 5% CO 2 . Mouse tumor MLTC-1 were purchased from American Type Culture Collection (ATCC) and grown in Dulbecco-modified Eagle medium supplemented with penicillin, streptomycin, and 10% fetal bovine serum and incubated at 378C in 5% CO 2 . The African green monkey COS-7 fibroblast cell line was obtained from ATCC and grown as recommended by the provider. For OC treatment, cells were cultured in media containing charcoal-treated serum to remove traces of steroids [40] . Mouse MA-10 or MLTC-1 cells were incubated for a total of 6 h with vehicle (DMSO) or 10 lg/ml of an environmentally relevant mixture of OCs. Two hours after initiating OC treatment, the cells were treated with vehicle, 0.1 mM 8Br-cAMP, or 20 ng/ml hCG (LH analog) for 4 h.
Plasmids, Transfections, and Luciferase Reporter Assays
The À980 to þ17 bp mouse Star and À997 to þ36 bp human STAR promoter constructs used in this study were described previously [41] . MA-10 Leydig cells were seeded in 24-well plates at 150 000 cells per well and transfected the next day with 500 ng of reporter plasmid using JetPrime (Polyplus Inc.) as described by the manufacturer. The next day, the cells were treated with OC and cAMP as described above. Cells were then lysed, and the lysates were analyzed as previously described [41] . These experiments were performed at least five times, each time in triplicate. The mouse STAR expression vector was obtained by PCR using MA-10 cDNA as template as well as a sense primer containing an Xba I cloning site (5 0 -GCT CTA GAA TGT TCC TCG CTA CGT TCA AG-3 0 ) and an antisense primer containing a Bam HI cloning site (5 0 -CGG GAT CCT TAA CAC TGG GCC TCA GAG GC-3 0 ). The 850 bp Star cDNA fragment was then cloned into a modified pcDNA3 plasmid using the Xba I and Bam HI cloning sites. For STAR overexpression, 500 000 COS-7 cells were seeded in a 30 mm dish and transfected the next day with 2.5 lg of either an empty expression vector (pcDNA3) or an expression vector encoding STAR using JetPrime as described by the manufacturer. The following day, cells were treated with the OC mixture as described above. Total proteins were isolated by lysing the transfected COS-7 cells as described below.
Protein Purification and Western Blot Analysis
MA-10 Leydig cells were seeded in six-well plates at 500 000 cells per well and treated as described above. Treated cells were rinsed twice with PBS and harvested for total protein extractions. Total proteins were isolated by lysing the cells directly into RIPA buffer-50 mM Tris-HCl, pH 7.5, 0.5% Igepal, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1 mM dithiothreitol, 0.5 mM phenylmethanesulfonylfluoride, 10 lg/ml aprotinin, and 1 lg/ml each of leupeptin and pepstatin-for 20 min at 48C, followed by a 10-sec sonication 
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and then centrifugation to remove cell debris. Protein concentrations were estimated using a standard Bradford assay. Fifteen micrograms of total proteins were boiled 2 min in a denaturing loading buffer-20% glycerol, 4% SDS, 100 mM Tris, pH 6.8, 0.002% bromophenol blue, and 4% b-mercaptoethanolseparated by SDS-PAGE, and transferred onto polyvinylidene difluoride membrane (Millipore). For STAR and aTUBULIN, immunodetection was performed using an avidin-biotin approach according to the manufacturer's instructions (Vector Laboratories, Inc.). For ADXR and CYP11A1, the ECL-HRP detection kit (GE Healthcare Life Sciences) was used according to the manufacturer's instructions. Immunodetections were performed using antiserum from Santa Cruz Biotechnology directed against STAR (FL-285, 1:100 dilution), ADXR (SC 25846, 1:100 dilution), and CYP11A1 (SC 18043, 1:200 dilution). The monoclonal anti-aTUBULIN antibody (1:25 000 dilution) was from Sigma-Aldrich Canada. aTUBULIN was used as a loading control. All the experiments were repeated at least four times and produced similar results.
Progesterone Quantification
Enzyme-linked immunosorbent assays (ELISAs) for progesterone quantification were performed as recommended by the manufacturer (Cayman Chemical) as described in [42] .
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide Cell Assay MA-10 Leydig cells were seeded in 96-well plates at 10 000 cells per well. The following day (20 000 cells), cells were treated with OC and/or 8Br-cAMP/ hCG as described above. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell assays were performed as recommended by the manufacturer (Biotium).
RNA Isolation and Real-Time PCR
MA-10 Leydig cells were seeded in six-well plates at 500 000 cells per well and treated with OC and/or 8Br-cAMP/hCG as described above. Treated cells were rinsed twice with PBS and harvested for total RNA extraction. For RNA total isolation, a guanidinium thiocyanate-phenol-chloroform extraction protocol was used as described by Chomczynski and Sacchi [43] . Reverse transcription were performed using the Transcriptor reverse transcriptase as recommended by the manufacturer (Roche Diagnostics). Quantitative PCRs were performed using a LightCycler 1. ORGANOCHLORINES DISRUPT LEYDIG CELL FUNCTION performed as described in [41] . Each amplification was performed in duplicate using three different preparations of first-strand cDNAs for each of the three different RNA extractions.
Statistical Analyses
For all single comparisons between two experimental groups, paired Student t-tests were performed. For all the statistical analyses, P , 0.05 was considered significant. For multiple group comparisons, statistical analyses were done using one-way ANOVA followed by the Newman-Keuls post hoc test. All the statistical analyses were done using GraphPad Prism software.
RESULTS
The OC Mixture Inhibits cAMP-Induced Leydig Cell Steroidogenesis
To evaluate the impact of the OC mixture on Leydig cell steroidogenesis, progesterone produced by MA-10 Leydig cells treated or not with the OC mixture ( Table 1) was first quantified by ELISA. MA-10 cells were treated with increasing concentrations of the OC mixture (1, 10, and 100 lg/ml) for 6 h in the presence or absence of 0.1 mM of 8Br-cAMP. As shown in Figure 1A , basal progesterone production was not affected by the OC mixture at all the doses tested. As expected, cAMP treatment strongly induced progesterone production. This increase, however, was reduced by about 75% following exposure to 10 and 100 lg/ml of the OC mixture (Fig. 1A) . Although there was a decrease in the cAMP-induced progesterone production at 1 lg/ml, it did not reach statistical significance. A time course was next performed (2, 4, and 6 h) using 10 lg/ml of the OC mixture. As shown in Figure 1B , the OC mixture drastically decreased the cAMP-induced progesterone to nearly basal levels as early as 2 h posttreatment while having no significant effect on basal progesterone production. To exclude the possibility that OC might affect mitochondrial activity and cell viability, MTT assays were performed. At a dose of 1 and 10 lg/ml, the OC mixture had no effect on MA-10 Leydig cell mitochondrial activity and cell viability while at 100 lg/ml, mitochondrial activity and cell viability were decreased by about 50% (Fig. 1C) . When a dose of 10 lg/ml was used in a time-response assay, mitochondrial activity and cell viability were not affected up to 6 h postexposure (Fig. 1D) . Finally, activation with 8Br-cAMP does not affect MA-10 Leydig mitochondrial activity and cell viability (Figs. 1, C and D) . A dose of 10 lg/ml of OC mixture for 6 h was chosen to further characterize the underlying mechanisms of OC action.
To validate the results obtained in the MA-10 Leydig cell line, we performed similar experiments in the MLTC-1 Leydig cell line. As shown in Figure 2 , the OC mixture (10 lg/ml for 6 h) did not affect basal progesterone production but there was a significant decrease (about 50%) in both the cAMP-and the hCG-induced progesterone production. Together, these data confirm that OCs repress hormone-induced steroidogenesis in Leydig cells.
The OC Mixture Represses the cAMP-Dependent Increase in STAR Protein Level
Because the OC mixture inhibits hormone-induced steroidogenesis, we first focused on STAR, a protein essential for cholesterol transport into the mitochondria upon hormone stimulation. As shown in Figure 3A , exposure of MA-10 Leydig cells to the OC mixture significantly reduced the cAMP-induced STAR protein levels (compare lanes 2 and 4) while having no effect on basal STAR protein levels (compare lanes 1 and 3). We next assessed whether Star mRNA levels were affected and found that the OC mixture had no impact on basal and cAMP-induced Star mRNA levels (Fig. 3B) . Consistent with this, the basal and cAMP-induced activity of both the mouse (Fig. 3C) and human (Fig. 3D) STAR promoter was not affected by the OC mixture. Taken together, these data indicate that the OC mixture affect STAR expression at the posttranscriptional level.
STAR is produced as a 37 kDa nuclear phosphoprotein. During its journey to the mitochondrial matrix, the 37 kDa precursor is cleaved into a 32 kDa intermediate and a 30 kDa mature form [44] . The decrease in the 30 kDa form observed in the presence of the OC mixture could be caused by an increase in degradation rate of the 30 kDa form and/or by a decrease in the processing of the 37 kDa precursor. Because the 37 kDa precursor has a short half-life in steroidogenic cells and is difficult to detect [45] , we used COS-7 cells that overexpress the STAR protein, a model that has been successfully used to study the processing of the 37 kDa precursor [45] [46] [47] . As shown in Figure 4 , COS-7 cells do not endogenously express the STAR protein (lane 1); however, bands at 37 and 32/30 kDa are observed in COS-7 cells transfected with a STAR expression vector (lane 2). Exposure to the OC mixture led to a dramatic decrease in the 32/30 kDa form and an increase in the 37 kDa precursor (compare lanes 2 and 4 in the upper panel and the black and white bars in the lower panel of Fig. 4 ). These data suggest that OCs disrupt the cleavage of the 37 kDa STAR precursor into the 32/30 kDa form.
The OC Mixture Affects Proteins Involved in the First Step of Cholesterol Transformation
To evaluate whether the OC mixture might affect steps in the steroidogenic process in addition to cholesterol transport, MA-10 Leydig cells were treated with the OC mixture in presence or absence of 40 lM 22-OH-Chol, an analog of cholesterol that passively diffuses into the mitochondria and serves as the precursor for steroidogenesis, thus bypassing the cholesterol transport machinery. As expected, 22-OH-Chol led to an increase in progesterone production, albeit not as strong ENANGUE NJEMBELE ET AL.
as that observed in the presence of 8Br-cAMP (Fig. 5) . The 22-OH-Chol-dependent increase in progesterone synthesis was repressed in the presence of the OC mixture (Fig. 5) , indicating that OCs also affect proteins required for the transformation of cholesterol into progesterone. We therefore determine the levels of two key proteins required for the first step of steroidogenesis, CYP11A1 and ADXR. As with STAR, these two proteins were unaffected by the OC mixture in the absence of stimulation (Fig. 6, A and B) . CYP11A1 and ADXR protein levels were induced by 8Br-cAMP, and this induction was lost in the presence of the OC mixture (Fig. 6, A and B) .
DISCUSSION
Organochlorines are persistent contaminants, and there are reports in the literature that single OCs affect male reproductive function [27, 29] and testosterone synthesis [36, 48] . However, animals and humans are exposed to many compounds simultaneously. We have previously reported that a mixture ORGANOCHLORINES DISRUPT LEYDIG CELL FUNCTION of over 15 OCs found in the diet of Northern Québec populations has dramatic effect on male reproductive function in rodents [31, 32] . We therefore hypothesized that this mixture of OCs might negatively affect Leydig cells steroidogenesis. Here, we show this OC mixture directly disrupts Leydig cell steroidogenesis at two levels: cholesterol transport into the mitochondria and conversion of cholesterol into pregnenolone (Fig. 7) .
STAR, a Central Target of Endocrine Disruptor Action
Steroidogenesis in Leydig cells starts by the transport of cholesterol through the mitochondrial membrane, which is the rate-limiting step in steroidogenesis. Studies have revealed the composition of the large complex responsible for this transport, which is named transduceosome (reviewed in [34] ). STAR is one component of that complex (reviewed in [34] ). As proven by naturally occurring mutations in the human STAR gene and by Star À/À mice, insufficient production of the STAR protein impedes steroidogenesis (reviewed in [49] ). In addition, several publications reported that the STAR protein is sensitive to various endocrine-disrupting chemicals such as xenoestrogens (reviewed in [50] ), phthalate esters (reviewed in [50] ), and pesticides [37, 51, 52] , leading to decreased steroidogenesis. Some pesticides, particularly organohalogens, decrease STAR protein levels through at least two mechanisms: transcriptionally and posttranscriptionally. MA-10 Leydig cells treated with dimethoate (organophosphate) [52] and lindane, an organochlorine also called c-HCH [37] , exhibit decreased STAR protein levels caused by inhibition of Star gene transcription. Mitotane, an organochlorine used as an inhibitor of steroidogenesis in patients suffering from Cushing's syndrome, was also shown to decrease Star mRNA levels and thus STAR protein in adrenal cells [53] . On the other hand, Walsh et al. [51] have shown that Roundup (organophosphate) negatively affects steroidogenesis by disrupting STAR protein levels without decreasing Star mRNA levels.
While most studies focused on one organochlorine [37, 52, 53] , in our present work we evaluated the impact of a mixture of 15 OCs on Leydig cell steroidogenesis. Using this mixture, we observed a significant reduction in hormone-induced steroidogenesis, which correlated with a decrease in STAR protein levels. However, no impact was observed on hormoneinduced Star mRNA levels and promoter activity, indicating that the OC mixture acted posttranscriptionally. This is in contrast with other studies using individual organochlorines where an effect at the mRNA levels was also reported in addition to the decrease in STAR protein levels [37, 52, 53] .
STAR is produced as a 37 kDa nuclear-encoded phosphoprotein in Leydig cells in response to LH from the pituitary [44] . The 37 kDa precursor is cleaved to a 30 kDa mature form during its transit into the mitochondria [44] . Four hypotheses have been proposed to explain how STAR contributes to the process of cholesterol transport through the mitochondrial membrane (reviewed in [54] ). The first hypothesis proposes that cleavage of the STAR 37 kDa form into the 32/30 kDa form is necessary for the entry of cholesterol into the mitochondria [55] [56] [57] . The second hypothesis suggests that cholesterol must bind to STAR for its transport to the inner mitochondrial membrane. In agreement with this second hypothesis, Roostaee et al. [58] found that cholesterol binds to the STAR C-terminal domain, which contains hydrophobic side chains. These chains have the ability to bind cholesterol, which facilitates entry into the mitochondria [58] . The third hypothesis favors a model where STAR adopts a molten globule conformation at acidic pH around the mitochondrial membrane [59] . This molten globule would behave as a cholesterol carrier [59] . This is further supported by the fact that STAR has a sterol transfer activity, suggesting that it could increase the movement of cholesterol from sterol-rich to sterolpoor membranes [60] . The fourth hypothesis is that STAR, as part of the transduceosome, functions at the outer mitochondrial membrane where it brings cholesterol in proximity of the TSPO transporter (reviewed in [34] ). Based on current data, none of the four hypotheses can be excluded.
The decrease in the 32/30 kDa form observed upon exposure to the OC mixture could be due to an increased degradation of the 32/30 kDa forms and/or to a decrease in the processing of the 37 kDa form. Because the 37 kDa precursor is difficult to detect in actively steroidogenic cells [45] , we overexpressed STAR in COS-7 cells that are not steroidogenic and do not endogenously express STAR. Using this system, Granot et al. [47] reported that the turnover of the STAR protein was identical to actively steroidogenic cells. Our results in COS-7 cells overexpressing STAR indicate the OCmediated reduction in the 32/30 kDa form is concomitant with an increase in the 37 kDa form, which suggests that the OC mixture acts, at least in part, by affecting the processing of the 37 kDa STAR precursor, leading to decreased steroidogenesis. Our results would be in agreement with the hypothesis that the actual cleavage of the 37 kDa STAR precursor into the 30 kDa form is important for activation of steroidogenesis, as well as with the hypothesis that the newly cleaved 30 kDa form is active as suggested by Artemenko et al. [56] whereas the newly synthetized 37 kDa form would be inactive.
OCs and the Steroidogenic Process
At the inner mitochondrial membrane, cholesterol will be transformed into pregnenolone by the CYP11A1 enzyme. This reaction requires electrons supplied by adrenodoxin and adrenodoxin reductase [61] . Using the cholesterol analog 22-OH-Chol that bypasses the cholesterol transport machinery, we found that the OC mixture still repressed steroidogenesis, indicating that other components of the steroidogenic pathway were also targeted. We found that the OC mixture repressed the expression of two key proteins involved in the conversion of cholesterol to pregnenolone, ADXR and CYP11A1. Our results are consistent with the fact that methoxychlor, an organochlorine, affects steroidogenesis by decreasing CYP11A1 expression [38] . However, the OC-mediated decrease in ADXR and CYP11A1 protein levels is weak while repression of 22-OHChol-induced steroidogenesis is robust. This suggests that the OC mixture likely affects steroidogenic enzymes/proteins in addition to CYP11A1 and ADXR. In support of this, Hu et al. [62] reported a decrease in 3bHSD and 17bHSD3 activities in microsomes isolated from rat and human testes exposed to methoxychlor or its metabolite 2,2-bis (p-hydroxyphenyl)-1,1,1-trichloroethane.
Relevance of the Cell Line Models and OC Doses
Although several studies have shown that endocrine disruptors act mainly during the fetal period (reviewed in [63] ), a fetal Leydig cell line is currently unavailable. Both Leydig cell lines used in our study (MA-10 and MLTC-1) correspond to the adult population of Leydig cells, and they share characteristics with primary Leydig cells such as androgen production, response to various stimuli including LH, and expression of several genes important for Leydig cell function [39, 64] . Furthermore, Leydig cell lines were shown to respond to endocrine disruptors as do primary Leydig cell cultures and whole testis (reviewed in [65] ). Thus, despite some limitations, the MA-10 and MLTC-1 Leydig cell lines are appropriate models to study the molecular mechanisms of endocrine disruptor action on the Leydig cell population.
While the dose used directly on Leydig cells is high for some compounds present in the OC mixture (as high as 100-fold), no Leydig cell toxicity was noted. As described previously [66] , the mixture contains 4.2 ng/ml total polychlorinated biphenyls (PCBs) and the PCBs contribute to about 30% of the mixture. This level corresponds to concentrations of total PCBs found in plasma samples from Inuit women of reproductive age from Nunavik (1.0-47.9 ng/ml plasma) and Greenland [67] . Our present work used a model system and a ORGANOCHLORINES DISRUPT LEYDIG CELL FUNCTION mixture to provide insights regarding the physiological mechanisms by which endocrine disruption may occur.
In conclusion, we found that a mixture of 15 OCs used at a dose that does not affect mitochondrial activity and cell viability represses hormone-induced steroidogenesis in two Leydig cell lines. Two steps are targeted: cholesterol transport into the mitochondria (STAR) and the conversion of cholesterol into pregnenolone inside the mitochondria (CYP11A1 and ADXR) (Fig. 7) . These data provide new insights into the mechanisms of organochlorine action in disrupting male reproductive function in mammals. Moreover, our study could have implications for understanding endocrine disruption at a more ecological level, beyond human exposure. It is well-known that certain animal populations in the wild (in Arctic and non-Artic areas) are in crisis because of increased rate of immune system diseases and reproductive abnormalities (reviewed in [68] ). These changes are mostly attributed to climate change (reviewed in [69] ); however, it is not unreasonable to speculate that exposure to man-made environmental toxicants, including OCs, could play a role.
